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introduction
The autism spectrum disorders (ASDs) are neurodevelopmental conditions diagnosed in children with impairments in social relationships, language, and communication, along with restricted and repetitive behaviors. Many children with ASDs also have intellectual disability or epilepsy, and approximately 75% require lifelong social and behavioral support. One in 88 children has some form of ASD, and diagnosis rates have been rising in the past few decades.
1,2 Therefore, autism is common and a reason for referral to geneticists, developmental pediatricians, and pediatric neurologists for diagnostic evaluation.
Technological advances have enabled the discovery of chromosomal copy-number changes and single-nucleotide changes on a genome-wide basis. [3] [4] [5] Since these became available, many published studies have reported on the identification of copynumber changes in individuals with intellectual disability, developmental delay, or autism, and array comparative genomic hybridization (aCGH) has emerged as the single highest yield diagnostic test. The International Standard Cytogenomic Array Consortium reviewed 33 published studies of 21,698 patients with developmental delays, congenital anomalies, or autism who were tested by aCGH and found an overall diagnostic yield of 12% in patients. 6 Studies utilizing aCGH in predominantly pediatric cases of ASDs have yielded variable results, with the largest cohort (age range 19 months-22 years) demonstrating copy-number variants (CNVs) in 154 of 848 (18.2%) of patients, including abnormal or possibly significant results in 7%, with an additional 11.2% with variants of unknown significance. 7 There are no studies of the diagnostic yield of aCGH in adults with ASD, although one study of 45 adult patients with intellectual disability reported a diagnostic yield of 22% and suggested the yield of aCGH may be higher in an adult as compared with a pediatric population. 8 It could be hypothesized that the diagnostic yield of genetic testing in an adult ASD population would be lower than in a pediatric population because of childhood mortality from epilepsy or congenital anomalies. Alternatively, the yield could be higher in adults if chromosomal anomalies were not previously identified because of the limitations of prior testing or the lack of prior genetic evaluation. 9 A third possibility is that the diagnostic yield is similar in adults and children but with a different distribution of abnormalities. The primary purpose of the present study was to assess the diagnostic yield of clinical genetic evaluation and aCGH in an adult ASD population.
Purpose: Array comparative genomic hybridization is available for the evaluation of autism spectrum disorders. The diagnostic yield of testing is 5-18% in children with developmental disabilities, including autism spectrum disorders and multiple congenital anomalies. The yield of array comparative genomic hybridization in the adult autism spectrum disorder population is unknown.
Methods:
We performed a retrospective chart review for 40 consecutive patients referred for genetic evaluation of autism from July 2009 through April 2012. Four pediatric patients were excluded. Medical history and prior testing were reviewed. Clinical genetic evaluation and testing were offered to all patients.
results:
The study population comprised 36 patients (age range 18-45, mean 25.3 years). An autism spectrum disorder diagnosis was confirmed in 34 of 36 patients by medical record review. One patient had had an abnormal karyotype; none had prior array comparative genomic hybridization testing. Of the 23 patients with autism who underwent array comparative genomic hybridization, 2 of 23 (8.7%) had pathogenic or presumed pathogenic abnormalities and 2 of 23 (8.7%) had likely pathogenic copy-number variants. An additional 5 of 23 (22%) of autism patients had variants of uncertain significance without subclassification.
conclusion: Including one patient newly diagnosed with fragile X syndrome, our data showed abnormal or likely pathogenic findings in 5 of 24 (21%) adult autism patients. Genetic reevaluation in adult autism patients is warranted.
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MAteriALs And MetHods
After approval by our institutional Human Subjects Review Board, a retrospective chart review was performed on all patients referred to the Autism Genetics Clinic in the Center for Human Development and Disability at the University of Washington from 1 July 2009 to 30 April 2012. A total of 40 patients were ascertained, including two male siblings. Four patients younger than 18 years were excluded. Medical record review confirmed the diagnosis of autism spectrum disorder in 34 of the 36 adult patients. Age; sex; developmental, education, and work history; prior genetic test results; neuroimaging; electroencephalograms; and medical history were reviewed. Prior genetic testing had been performed in 16 patients, and was nondiagnostic except in one patient (6.25%) with a chromosome abnormality detected by karyotype. No patient had previously had aCGH testing.
Family history and physical exam were performed by a clinical geneticist and neurologist (F.M.H.). Fragile X molecular testing was offered if it had not been documented previously. aCGH was offered to all patients except patient 18, in whom clinical suspicion of fragile X syndrome was high, so it was ordered as a first-line test. Because it was diagnostic, aCGH was not performed. Additional genetic testing was performed as clinically indicated and varied by patient. Microarray comparative genomic hybridization analysis was performed using a whole-genome microarray with 135k oligonucleotide probes (NimbleGen CGX-3 v1.0; Roche NimbleGen, Madison, WI). Genomic DNA was extracted from peripheral blood using a Qiagen DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA). The concentration and quality of genomic DNA were determined using Spectrophotometer NanoDrop ND-1000 (Thermo Fisher Scientific, Wilmington, DE). Purified genomic DNA and normal control reference DNA were labeled with different fluorochromes using a Roche NimbleGen DualColor DNA Labeling Kit through random priming with Cy3 or Cy5 primers, and then co-hybridized onto the microarray slide. Hybridization and washing were performed as specified by the manufacturer. Microarray slides were scanned using an Agilent Microarray Scanner (Agilent Technologies, Santa Clara, CA). Whole-genome analysis of the CGH microarray was performed using NimbleScan 2.5 (Roche NimbleGen) and DNA Analytics 4.0 (Agilent Technologies, Santa Clara, CA). The global aberration detection method 1 algorithm with a threshold 10.0 and aberration filter for a minimum of five probes per region was applied. The log2R ratios were calculated for information regarding copy number. The data and copy-number states were also visually inspected. Abnormal array results were confirmed by fluorescence in situ hybridization studies. Genomic linear positions for the copy-number changes (NCBI build 36, http:// genome.ucsc.edu/) are listed in Tables 1 and 2 .
CNVs of uncertain significance (VUSs) were investigated by comparison with databases and by literature search. The databases that were used included the following: Database of Genomic Variants (DGV, http://projects.tcag.ca/variation/), Database of Structural Variation (dbVAR, http://www.ncbi. nlm.nih.gov/dbvar/), International Standard Cytogenomic 
net).
We followed the American College of Medical Genetics and Genomics Standards and Guidelines for interpretation of postnatal constitutional CNVs. 10 This states that pathogenic CNVs will include well-documented syndromes and most cytogenetically visible alterations (>3-5 Mb) unless the CNV corresponds to a well-known heteromorphism. Categorization as a CNV of uncertain clinical significance, likely pathogenic, is recommended if there is a prior single case report with well-defined breakpoints and phenotype, or a gene in the CNV interval is compelling and specific for the phenotype. Categorization as a CNV of uncertain clinical significance, likely benign, is recommended if there are no genes in the interval, or it is reported in a small number of cases in databases of variation in the general population but is not a common polymorphism. Categorization as a CNV of uncertain clinical significance (no subclassification) is recommended if there are genes in the interval, but it is unknown whether they are dosage sensitive, or the CNV is reported in multiple contradictory publications or databases.
resuLts clinical and demographic features
Demographic characteristics for the 36 adult patients (28 men, 8 women) are presented in Table 3 . The average age was 25.3 years (range 18-45 years). Sixteen patients had had prior genetic testing, with a diagnostic abnormality in only one patient (6.25%). Patient 22 is a 21-year-old man who had a karyotype when he was 10 years old, which showed a partial duplication of the long arm of chromosome 2, reported as 46,XY,rec(2)dup(2)(q31.3q36.1)ins(2)(q33.1q31.3q36.1). His family declined aCGH testing.
Of the 36 patients, 25 patients had aCGH testing, including patients 19 and 36, who were referred for genetic evaluation of autism but for whom record review did not confirm the diagnosis. One patient had fragile X but not aCGH testing. Of 10 patients Normal controls refers to controls used in ref. 15 .
Volume 16 | Number 1 | January 2014 | Genetics in Medicine not tested, 6 had insurance that did not cover aCGH testing, 3 declined because of the necessity for sedation for phlebotomy, and 1 declined because of a previous abnormal karyotype. Of a total of 25 adult autism patients, 1 was diagnosed with fragile X syndrome, 1 had an abnormal karyotype, and 23 underwent aCGH testing. Only 12 confirmed ASD individuals had adequate psychological testing to determine intellectual status, of which 10 had at least borderline intellectual impairment. In addition, 9 autism patients had three or more minor anomalies and were considered dysmorphic. Of the 7 dysmorphic autism patients who underwent updated testing, 3 of 7 (43%) had pathogenic findings and 1 of 7 had two VUSs identified. Epilepsy was reported in 11 individuals with autism; of these, 9 individuals underwent aCGH testing, 5 of 9 (56%) had normal results, and 4 of 9 (44%) had a VUS, all involving the X chromosome ( Table 2) .
Pathogenic genetic test results
Two patients were referred with a diagnosis of autism that could not be confirmed; however, aCGH was performed in them for other indications. Patient 19 11, 12 Of the 24 autism patients who had current genetic testing, fragile X DNA testing identified a fully methylated, trinucleotide repeat expansion (270 CGG repeats) in patient 18. He is a 45-year-old man with intellectual disability, autism, macrocephaly, large ears, long face, prominent chin, macro-orchidism, and a maternal uncle with intellectual disability.
Of the 23 patients with confirmed autism who underwent aCGH, results were abnormal and pathogenic or presumed pathogenic in 2 of 23 patients (8.7%). One patient was found to have Smith-Magenis syndrome, and one patient was diagnosed with 15q11.2-q13 duplication. The 15q11.2-q13 duplication in the patient includes the entire Prader-Willi/Angelman syndrome critical region, including the SNRPN gene. This duplication has been associated with autism and development delay, usually when it is present on the maternally inherited chromosome 15, although there are rare reports of the duplication arising on the paternal chromosome 15.
13,14 This patient's parents declined follow-up aCGH studies. Given her presentation, this duplication was probably on the maternally inherited or derived chromosome 15 and presumed to be pathogenic. The results and clinical features are summarized in Tables 1 and 4.
Analysis of Vuss
We identified rare CNVs in 9 of 23 (39%) autism patients, and two (patients 6 and 14) had both a copy gain and a copy loss. The genetic test results are summarized in Table 2 , and clinical features are summarized in Table 5 . Each VUS was evaluated to see how well it was represented in the DGV, and its frequency was calculated using a control cohort (8,329 unaffected adults) in dbVar from a previously published study that used an array platform related to that used by the patients in this study, whereas the controls were studied on a higher-resolution platform.
15 These CNVs are rare, and their frequencies in this normal control cohort ranged from 0 to 0.56% ( Table 2) . ASD, autism spectrum disorder; PDD/NOS, pervasive developmental disorder, not otherwise specified.
Patient 1 had a 202-kb loss on 9q31.1 containing CYLC2, which encodes cylicin II, a protein component of the cytoskeletal calyx of mammalian sperm heads, unlikely to be associated with ASD. 16 One deletion and two duplications in CYLC2
were reported in the DGV in the general population, and the frequency in the control population was 0.04% ( Table 2) . Although it is rare, given its gene function, this was classified as a VUS, likely benign. 
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Patient 4 had a copy gain in the region of 4q24, with minimum size of 359.68 kb. This interstitial duplication contains the C-terminal part of TET2, PPA2, and EEF1A1P9, and the N-terminal part of ARHGEF38. Therefore, it could potentially form a chimeric gene containing the N-terminal part of ARHGEF38 and the C-terminal part of TET2. TET2 encodes tet methylcytosine dioxygenase 2, and defects in this gene have been associated with several myeloproliferative disorders.
17 PPA2 encodes pyrophosphatase 2, a nuclear encoded mitochondrial protein.
18 ARHGEF38 (Rho guanine nucleotide exchange factor 38) is uncharacterized. Similar-sized duplications have not been reported in DGV or dbVAR. The patient's mother was tested and was negative for the duplication; her father was not available. The clinical significance of this duplication is unknown because of a paucity of information; therefore, it was classified as a VUS.
In patient 6 (male), two CNVs were detected: a duplication of 288.05 kb on Xp22.13 containing BEND2 and a deletion of 45.53 kb on 10q23.1 within the intron 3 of NRG3. Similar CNVs have not been reported in DGV or dbVAR control cohorts. Little information is available for BEND2, so this was classified as a VUS. NRG3 encodes a member of the neuregulin family, which are neuronally expressed proteins in the developing nervous system. 19 Neuregulin 3 is a ligand for the transmembrane tyrosine kinase receptor ERBB4, a member of the epidermal growth factor receptor family. NRG3-ERBB4 binding activates intracellular signaling cascades and the induction of cellular responses, including neuroblast proliferation, migration and differentiation. 20, 21 Recent studies have implicated this gene as a susceptibility locus for neuropsychiatric disorders, including schizophrenia and autism. 22, 23 Although NRG3 is a compelling candidate gene for autism in the literature, because whether this intronic deletion would affect splicing or expression of NRG3 is unknown, this deletion was considered a VUS. Patient 14 also had two CNVs. One CNV overlapped with the gene REEP5 and resulted in the deletion of its promoter region and its first two to four exons. REEP5 (also known as DP1) encodes receptor expression-enhancing protein 5 and is involved directly in shaping the tubular endoplasmic reticulum. 24 Despite its important function, the dosage effect of REEP5 in humans has not been established. No similar-sized deletions were reported in DGV or dbVAR. Therefore, it was classified as a VUS. The other CNV is a duplication that contains KIAA0415, RADIL, PAPOLB, and exons 2 to 8 of FOXK1. FOXK1 encodes forkhead box K1, which regulates myogenic progenitor cell activation and muscle regeneration. 25 However, it is not known if this duplication would alter FOXK1 expression or function. There is no information on KIAA0415. RADIL, a ras association and dilute domains protein, has its highest expression in the adult brain, spinal cord, testis, and pancreas. RADIL is a RAS-related protein GTPase interactor and is required for cell adhesion and migration. RADIL was found to mediate migration of neural crest precursors in the zebrafish model. 26 PAPOLB encodes a testis-specific poly(A) polymerase beta and regulates spermatogenesis. 27 Although this duplication overlaps the much larger duplication in patient 28, and both include FOXK1, the clinical significance of this duplication is unknown; there is a similar duplication in the DGV, and its frequency in the control population was 0.01%. Therefore, this duplication was classified as a VUS. Patient 22 (male) had a duplication in the region of Xp22.33 or Yp11.32p11.31 (pseudoautosomal region 1), containing ASMT except for its first exon. ASMT encodes acetylseratonin O-methyltransferase, which catalyzes the last step of melatonin synthesis. Genetic variants of ASMT appear to be associated with attention-deficit and hyperactivity disorder (ADHD) and intellectual disability. 28, 29 A partial duplication in the ASMT gene was observed in 6-7% of the cases of ASD but in only 2% of controls (P = 0.003). 30 Smaller duplications involving exons of ASMT have been reported in 11 individuals in the DGV. Therefore, although ASMT is a compelling gene for autism, and CNVs have been reported to be enriched in autism patients, it is unknown if this duplication in the proband would disrupt ASMT function, so it was classified as a VUS.
Patient 24 (female) had a duplication on the chromosome X pseudoautosomal region 1 band Xp22.33/Yp11.32, containing CRLF2 and CSF2RA. Fluorescence in situ hybridization using BAC probe RP11-309M23 ruled out an insertion of this duplicated region elsewhere in the genome. A recent fine-scale survey of X-chromosome CNVs verified that the duplication including CRLF2 and CSF2RA has been excluded from disease causation by segregation analysis. 31 There are a few similar duplications in DGV in the general population. Therefore, this CNV probably represents a rare polymorphism and was classified as a VUS, likely benign.
In patient 28, with moderate to severe intellectual disability and autism, a 4.67 Mb duplication containing 49 genes was detected, and a similar duplication was reported in one individual in the DECIPHER database in a patient with autistic behavior, seizures, brachycephaly, high palate, short palpebral fissures, short metacarpals, and renal agenesis. Because of the size of the duplication, the number of genes in the region, and concordance with a previously reported patient, this CNV was considered a VUS, likely pathogenic.
Patient 29 has a 122-kb loss on 7q31.1 containing at least the second and third exons of the IMMP2L gene. IMMP2L encodes mitochondrial inner membrane peptidase subunit 2; this complex processes the signal peptide sequences of proteins targeted to mitochondria. IMMP2L was reported previously as one of multiple candidate genes in ASD by homozygous haplotype sharing. 32 Recent studies show that the inherited rare CNV-associated gene set is significantly enriched for genes reported as candidates in studies of autism, schizophrenia, Tourette syndrome, and ADHD, including A2BP1, AUTS2, CNTNAP2, and IMMP2L. 33, 34 Similar deletions including IMMP2L are also reported in DGV for seven individuals, and their frequency in the control population was 0.56%. Deletions in IMMP2L could be associated with increased risk for autism but demonstrate reduced penetrance, similar to the chromosome 16p11.2 deletion. 11 Because multiple publications have implicated IMMP2L as a candidate autism gene, including gene deletions, and it is rare in the general population, this CNV was classified as likely pathogenic.
In patient 40 (male), with both autism and epilepsy, a duplication of 149.27 kb on Xp11.21 was detected. This interstitial duplication overlaps with the C-terminal domain of the KLF8 (ZNF741) gene. Fluorescence in situ hybridization using BAC probe RP13-1021K9 showed that it was an interstitial duplication. Depending on the orientation and site of the insertion, it could potentially interrupt the KLF8 gene or change its expression. Follow-up studies showed that this CNV was inherited from the patient's mother, who has bipolar disease. The proband has two brothers with autism but not epilepsy; the copy gain was present in one and absent in the other. The autistic brother without the duplication could be a phenocopy. Their father has depression and had a normal array result. The KLF8 gene encodes a member of the Sp/KLF family of transcription factors, which contain a C-terminal DNA-binding domain with three Kruppel-like zinc fingers. The encoded protein regulates the epithelial to mesenchymal transition during development and plays a role in tumor invasion and metastasis. [35] [36] [37] [38] Similar duplications have not been reported in DGV. Moreover, a similar duplication has been reported in the DECIPHER database in a man with motor nerve abnormalities and retinal/choroid coloboma (https://decipher.sanger.ac.uk/patient/253748). A de novo balanced translocation t(X;21)(p11.2;q22.3) that interrupted the KLF8 gene was reported in a girl with nonsyndromic mental retardation and childhood seizures. 39 Analysis of her lymphoblasts showed absence of the KLF8 transcript. All of her normal X chromosomes were inactivated. 39 Because of conflicting reports, our patient's duplication was considered a VUS.
statistical tests
Among 23 adult patients with confirmed autism who underwent aCGH, CNVs were demonstrated in 9 of 23 (39.1%) of patients, compared with 18.2% in published pediatric cases of ASDs. 7 The two-tailed P value calculated using Fisher's exact test was statistically significant at 0.025, suggesting that the adult ASD population is enriched for aCGH abnormalities and rare CNVs. Among these 9 patients, pathogenic and likely pathogenic results were found in 4 of 23 (17.4%) of patients and VUS results in 5 of 23 (21.7%) of patients, as compared with 7 and 11.2%, respectively, in a pediatric ASD cohort. 7 The differences in both categories were not statistically significant due to small sample size (P values of 0.078 and 0.171, respectively).
discussion
The use of aCGH as a first-line diagnostic test in the evaluation of patients with autism has been supported by the American College of Medical Genetics and Genomics, and the International Standard Cytogenomic Array Consortium. 6, 9 Published studies were performed using entirely or largely pediatric populations, and the yield and types of abnormalities in adult populations have not been studied. We report here on an adult population of consecutively evaluated clinic patients referred for genetic evaluation of ASDs. We found that the yield of genetic abnormalities in an adult population was 39.1%, significantly higher than previously described in the pediatric ASD population (18.2%), P value 0.025. Our study found that genomic losses and gains are compatible with survival into adulthood.
The identification of a specific diagnosis was welcome information for families, and some families expressed gratitude for the opportunity for updated genetic evaluation even in the absence of a diagnostic finding. Although one reason for attempting to identify the genetic cause of an ASD in childhood is to offer accurate reproductive recurrence risk counseling to parents, there is an equal and perhaps greater reason to consider identification of the cause of ASD in young adults in order to provide risk counseling to their siblings of reproductive age, because any individual has only two parents but can have more than two siblings. Indeed, diagnosis for reproductive risk to sibs was a commonly stated goal of genetic counseling for families of this young adult population. Our patients were relatively disabled according to their living situation and employment history, but some patients were living independently or semi-independently, and may wish to know their own reproductive risk.
Our study was limited by the size of the study population and potential referral bias as to which patients were referred for genetic evaluation. However, the demographics of the study cohort reflect the national autism spectrum population in some aspects. The sex ratio was 3.5 men to 1 woman, and 83% had completed high school. Of 16 patients who had previously undergone metabolic or cytogenetic testing, testing for single gene disorders, neuroimaging, and muscle or skin biopsy, only one had had a diagnostic result. Of the 24 autism patients who underwent updated genetic testing, 1 of 24 (4%) had a new diagnosis of fragile X syndrome, and of patients who underwent aCGH testing, 2 of 23 (8.7%) received a new diagnosis of either Smith-Magenis syndrome or presumed pathogenic15q11.2-q13 duplication syndrome, and 2 patients had VUSs considered likely pathogenic (see Tables 1 and 2 ). The overall yield of diagnostic abnormalities or CNVs likely pathogenic was 5 of 24 or 21%.
Given our results, we recommend repeat genetic evaluation for adults with ASDs. Nationwide, there are fewer genetics clinics and services for adult patients (other than cancer genetics services) as compared to pediatric genetic clinics, and less awareness among health-care providers of the benefits of genetic evaluation for adults.
Our study demonstrates the value of clinical genetic evaluation in an adult population with known or suspected ASDs. The presence of three or more minor anomalies has been considered significant because of the increased risk of major malformations, and this was used to classify patients as dysmorphic. 40 This study found a significant likelihood of detecting a diagnostic abnormality in an adult patient when a potential syndrome was raised by a clinical geneticist, because fragile X syndrome, Smith-Magenis syndrome, and Velo-cardio-facial syndrome were all recognized clinically prior to genetic test results.
This study provides information for clinicians regarding genetic testing for adults with ASDs. Although VUSs outnumbered diagnostic findings, this result is similar to those of other published studies and reflects current technology and available information in databases. 7 It also reinforces the need for careful genetic counseling in interpretation. Identification of genetic abnormalities can inform medical treatment and health screening for individuals with ASDs and provide information for family planning for their relatives.
